Legionella pneumophila, found in engineered water systems such as HVAC cooling towers, poses a significant public health risk. Culture, though routinely used to quantify L. pneumophila, has several disadvantages including long turnaround time, low sensitivity, and inter-laboratory variability. In this study, we validated the performance of an on-site quantitative polymerase chain reaction (qPCR) detection system for L. pneumophila in accordance with International Standards Organization Technical Specification 12869:2012. We evaluated specificity, limit of detection and quantification, and calibration curve linearity. Additionally, we evaluated whole system recovery and robustness using samples taken from taps and evaporative cooling towers. We then compared the system's performance against laboratory culture and laboratory qPCR across 53 cooling towers in a 12-week in-field study. We found that concordance between on-site qPCR and culture was both laboratoryand site/sample-dependent. Comparison of laboratory qPCR with on-site qPCR revealed that laboratory results were highly variable and showed little concordance. Some discordance may be explained by time delay between sample collection and testing ('shipping effect') which may lead to inaccurate reporting. Overall, our study highlights the value of on-site qPCR detection of L.
INTRODUCTION
Legionella is a common water-based pathogen in man-made engineered water systems in developed countries (Vinson Legionella is difficult to control due to its ability to replicate in protozoan hosts and its tendency to exist in biofilms, both of which contribute to its resistance to disinfectants (Kim et The disadvantages of culture are that it is time-consuming (results are typically available in 10-14 days), labor intensive, and requires specialized expertise to correctly identify Legionella. The methodology is prone to both technical and sample-specific issues that can negatively impact its accuracy. Processes such as filtration, heat treatment, and acid washes, as well as interference from biocides, are all known to result in decreased cell culturability (Roberts 17-fold) and values differed between laboratories by an average of 0.78 log (6-fold) (Lucas et al. ) . The study concluded that culture plating significantly underestimated Legionella counts, was highly variable between laboratories, and had a significant false negative rate (Lucas et al.  Each test cartridge includes qPCR primers and a probe that are designed against a highly conserved region of the L. pneumophila macrophage infectivity potentiator (mip) gene (Benitez & Winchell ) . The test cartridge also contains an internal positive control to detect the presence of qPCR inhibitors in the sample, and to identify reagent degradation and contamination. Negative controls are performed during manufacturing of the sealed test cartridge, which is opened just prior to use.
Bacterial growth
Legionella pneumophila subsp. pneumophila strain Philadelphia-1 (ATCC 33152) was obtained from the American Type Culture Collection (ATCC, Manassas, VA).
Bacterial stock was rehydrated, and maintained on Buffered Charcoal Yeast Extract (BCYE) agar plates (Bio-Media Unlimited Ltd, Toronto, ON) in an incubator at 37 C. For liquid culture, Legionella was expanded in Yeast Extract Buffered (YEB) broth in a shaking incubator at 37 C and 380 rpm. After an appropriate growth time in liquid culture, the bacterial concentration was measured at OD 600 nm and calculated as described by ISO/TS 12869:2012 (where an OD of 0.5 corresponded to 10 9 CFU/mL).
Verification of inclusivity and exclusivity
The on-site qPCR system was verified for analytical speci- All 40 bacterial strains and corresponding media were obtained from ATCC. Bacterial strains were rehydrated and maintained in the appropriate culture growth media and conditions as recommended by ATCC. Bacterial concentrations were measured at an optical density (OD) of 600 nm and calculated such that an OD of 0.5 corresponded to 10 9 CFU/mL as described by ISO/TS 12869:2012.
For the inclusivity panel, bacterial strains were diluted to approximately 5 CFU/μL (100 CFU per reaction) in water. For the exclusivity panel, bacterial strains were diluted in water to approximately 500 CFU/μL (10,000 CFU per reaction). A positive result for L. pneumophila detection was characterized by a rise greater than 500 arbitrary units (AU). All samples were tested in triplicate.
In addition to testing against 40 bacterial strains, the specificities of the L. pneumophila primers and probe were assessed in silico for 15 serogroups of L. pneumophila.
In brief, mip gene sequences were retrieved from NCBI GenBank (www.ncbi.nlm.nih.gov/genbank/) and primer and probe sequences were assessed for significant sequence homology using BLASTn (https://blast.ncbi.nlm.nih.gov/ Blast.cgi?PAGE_TYPE=BlastSearch).
Verification of linearity of the qPCR calibration curve
The calibration curve of the on-site qPCR system was verified according to recommendations in Section 10.3 'Verification of the calibration function of the quantitative PCR phase' of ISO/TS 12869:2012. Reproducibility was assessed with three operators, over a range of 3 days, and using 20 Spartan Cube ® devices.
Four concentrations of L. pneumophila were prepared from a secondary standard so that 20, 200, 2,000, and 20,000 GU of L. pneumophila were added per reaction.
Concentrations of 20 GU/reaction were repeated 10 times per operator, while 200, 2,000, and 20,000 GU/reactions were repeated five times per operator.
The bias, precision, accuracy of linearity, and uncertainty of linearity were calculated as described in ISO/TS 12869:
2012. The accuracy of linearity had to satisfy the requirement of E lin 0.15 for each concentration of the standard curve.
For the overall result to be valid, the PCR efficiency was required to be between 75 and 125%, corresponding to a slope of regression between -4.115 and -2.839.
Verification of lower limit of detection and limit of quantification
The lower limit of quantification (LOQ) and limit of detection (LOD) for the on-site qPCR system were verified according to Section 10.4 'Verification of the PCR limit of quantification' and Section 10.5 'Verification of the PCR limit of detection' of ISO/TS 12869:2012, respectively.
A dilution from a secondary standard of L. pneumophila was made to 10 6 GU/μL, and then dilutions were made down to the LOD of 2 GU/reaction. LOD is defined as the concentration at which at least 90% of the results are positively detected. The dilution step was repeated by multiple operators. The LOQ was tested by multiple operators on multiple days at 20 GU/reaction.
Verification of the entire on-site qPCR Legionella detection system
The whole system (concentration and qPCR) was verified by assessing recovery and robustness using real-world water matrices from cooling towers. This verification addresses the objectives in Section 10.6 'Recovery method' and Section 10.7 'Robustness' of ISO/TS 12869:2012, respectively.
Recovery was calculated as the percentage of qPCR fluorescence signal post concentration compared to the signal generated by directly amplifying the water sample without concentration (direct qPCR).
To verify that recovery was not affected by matrix, we tested distilled water, tap water, and cooling tower water that was known to be free of L. pneumophila DNA. These water samples were artificially contaminated with dilutions of a stock suspension of L. pneumophila (ATCC 33152).
Three input concentrations were tested corresponding to 20, 100, and 250 GU/mL. Each concentration was made using different replicate serial dilutions from the same stock suspension. For each concentration, at least three separate 22-mL spiked samples were run by several operators.
Study design of the in-field assessment of
L. pneumophila in HVAC samples
Samples to be externally evaluated were collected over a 12week period from 51 HVAC cooling towers in the Canadian cities of Ottawa, Toronto, and Montreal. These samples were collected weekly from their designated system location on their scheduled day ( Figure 1 ). Two out of the 51 towers were shut down due to operational issues and alternative towers were brought on-line in the same facility. As a result, a total of 53 towers were tested. Individual test results from these new towers were included in the weekly testing analyses (by culture and on-site qPCR). However, for the week-over-week analyses, the four towers affected were considered as discrete.
In-field water sample collection and preparation
Prior to starting this study, all operational towers were tested by building operators at start-up with qPCR, weekly with Since the on-site qPCR system was being evaluated against these existing practices, there was some heterogeneity in terms of culture laboratories (and culture methods) used by different buildings. During the in-field study, HVAC In addition to these regularly scheduled monthly culture tests, extra samples were collected for culture testing, such that all towers were tested every 2 weeks on average. After week 5 of the study, a selection of samples that demonstrated a positive on-site qPCR result of >40 Genomic Units per milliliter (GU/mL) were sent for additional culture testing in an external laboratory.
Quantification of L. pneumophila in HVAC samples by external laboratory qPCR
During the study, 61 water samples were shipped to the following external laboratories after being collected as were presented as GU/mL. This is the unit of measurement for estimating the number of bacterial DNA copies present in a sample and is synonymous with Genomic Equivalents per milliliter (GE/mL). The limits of detection reported by the external qPCR laboratories are summarized in Table 2 .
Concordance between on-site qPCR, external laboratory qPCR, and culture for L. pneumophila-
positive HVAC samples
To test the concordance of on-site qPCR against external laboratory methodologies, 19 water samples that had been reported positive by on-site qPCR were shipped to three 
Categorization of test results
Test results for qPCR and culture were categorized as either positive or negative. Concentrations <10 GU/mL were considered to reflect cooling towers under control (described as negative in our results). This is also reflective of current standards for Legionella monitoring as a properly controlled tower (Public Works and Government Services Canada ). Samples with a concentration of 10 GU/mL were considered as positive, which would require additional monitoring or action such as potentially shutting down the tower. This threshold was also selected to normalize the results from external laboratories and to account for their variable limits of detection (Tables 1 and 2) .
Statistical analysis
For statistical analysis, the GU/mL values were expressed as decimal logarithms. Statistical analysis was performed according to the recommendations in ISO/TS 12869:2012.
Linear correlation between datasets generated by the three different methodologies (on-site qPCR, laboratory culture, and laboratory qPCR) was performed using the Pearson correlation coefficient. Chi-square (χ 2 ) tests were performed to compare multiple populations to determine if there was a statistical difference (p-value < 0.05).
RESULTS

Verification of inclusivity and exclusivity
All 15 L. pneumophila serogroups in the inclusivity panel were positively detected by the Spartan Cube ® (Table S1 ).
All 25 microbial species in the exclusivity panel were not detected (Table S2) . (Tables S1 and S2 are available with the online version of this paper.)
Verification of calibration curve
Analysis of the on- (Table S3 , available online).
Verification of lower limit of detection and limit of quantification The limit of detection (LOD) of the on-site qPCR system was verified at 2 GU/reaction (Table S4) . Similarly, the limit of quantification (LOQ) was verified at 20 GU/ reaction (Table S5) with an accuracy at the LOQ (E LQ ) of 0.15. (Tables S4 and S5 are available online.)
Verification of the entire on-site qPCR system
Results showed that recovery of the on-site qPCR system was not affected by matrix conditions in the tested samples (Table 3) In-field study results for the on- By culture, 85% of the towers were negative throughout the study and 15% were positive (Table 5 ). In comparison to on-site qPCR, laboratory culture under-reported
Legionella levels in terms of positive tests (9 versus 13%) and under-called the number of positive towers (15 versus 40%). gave a laboratory culture positive result that was negative by on-site qPCR (Figure 2(a) ). The majority of discordant results (21% of total) consisted of a positive on-site qPCR result that was negative by laboratory culture. Overall, concordance between results was laboratory-dependent ( Figure 2(b) ). (Figures 3(a) and 3(b) ). All samples tested by laboratory qPCR experienced a shipping delay of 24-72 h.
Concordance between laboratory culture and laboratory qPCR
A subset of 61 samples (61/307) was tested by both laboratory culture (three different laboratories) and laboratory qPCR (four different laboratories). Concordance was poor Table 6) .
Correlation of on-site qPCR and laboratory culture by HVAC cooling tower
Testing of L. pneumophila by on-site qPCR and culture revealed that some towers showed strong correlations while others did not. An analysis of six representative towers showed that three towers had a strong correlation between Laboratory 1 culture and on-site qPCR ( Figures 5(a)-5(c) ). In the other three towers, Laboratory 1 culture was negative for all tests, whereas there were dynamic changes in L. pneumophila levels ('growth events') reported by on-site qPCR (Figures 5(d) -5(f)).
Shipping effects in contrived L. pneumophila HVAC samples by direct qPCR
To investigate the impact of a shipping effect on the HVAC samples collected during this study, direct qPCR was performed on 70 samples derived from 20 unique HVAC towers that had been artificially spiked with L. pneumophila. After a 72-hour delay, the HVAC samples that had been spiked showed degradation relative to their time zero measurement in 66% of all samples tested (2-fold or greater decrease in quantification), 23% showed no change (less than 2-fold change), and 11% displayed growth (2-fold or greater increase in quantification). Furthermore, sodium thiosulphate effects on sample preservation were not statistically significant (χ 2 p-value ¼ 0.70) ( Table 7) . These findings clearly indicate that there is a significant 'shipping effect' and that the time delay between sample collection and analysis can have a large impact on quantification.
Shipping effects on in-field samples
In order to confirm the shipping effect on L. pneumophila quantification, samples that were identified as positive by on-site qPCR were evaluated with three different methodologies: delayed on-site qPCR, laboratory qPCR, and laboratory culture. Relative to the original on-site qPCR result, the 'shipping effect' was again found to be substantial and was consistent across methodologies. Approximately 72% of samples displayed degradation, 15% showed no change, and 13% showed growth (Table 8 ). There were no statistically significant differences between the three methodologies (χ 2 p-value ¼ 0.89) confirming the universality of the 'shipping effect' in these samples.
Week-over-week L. pneumophila growth
The potential significance of weekly versus monthly testing was evaluated. From weekly testing, it was observed that rapid L. pneumophila growth events occurred in 11/20 text indicates positive (10 GU or CFU/mL) results that were obtained by more than one method for a given sample.
positive cooling towers. These towers experienced between 3-and 21-fold growth over 7 days. Furthermore, the effect of testing weekly, bi-weekly, every 3 weeks, and monthly was analyzed to identify the number of transitional events from <10 to 10 GU/mL that would be missed with reduced testing frequency. Testing every 3 or 4 weeks would miss half of the events, whereas biweekly testing would miss approximately one-third (Table 9 ). Verification of the entire system with water samples suggests that it is not affected by the matrix, which was further investigated through in-field testing. This is impor- This finding suggests that the on-site qPCR system may be a superior detection method compared to culture (Whiley & Taylor ) . 2 Fold growth 13 9 11
(χ 2 p-value ¼ 0.70). . In this study, the consistent response across all three methods suggests that time delay may be a significant contributor to the inaccuracy of Legionella enumeration independent of the method of quantification in the tested towers. Furthermore, this study showed that sodium thiosulphate may be ineffective as a preservative suggesting that degradation of the bacteria may occur via mechanisms other than those associated with chlorine-based oxidizing biocides. Testing by on-site qPCR with no time-delay is a new method for eliminating the shipping effect. Moreover, it was found that on-site qPCR correlated better with laboratory culture than laboratory qPCR (albeit in a laboratory-dependent manner). Overall, these factors may explain why on-site qPCR in this study was more successful at quantifying Legionella in cooling towers compared to previous studies with laboratory qPCR (Joly et al. ) .
The findings of this study strongly suggest that on-site qPCR is able to accurately detect and quantify L. pneumophila in HVAC cooling towers and has the potential to significantly reduce public health risk compared to existing testing methods. Given that the on-site qPCR system is comparable to culture, its test results can be used within existing standards and action levels and is an important addition to current testing methods.
CONCLUSIONS
A new on-site qPCR detection system for L. pneumophila has been developed that provides immediate results in less than 1 hour. This validation study has shown that the system meets the objectives of ISO/TS 12869:2012 and performs as well as previously published qPCR assays.
In the HVAC cooling towers monitored in this study, we found that on-site qPCR was more sensitive and detected more positive towers than culture. Furthermore, the concordance between on-site qPCR and culture was significantly higher than that observed between external laboratory qPCR and culture. However, the degree of concordance was both laboratory-and tower-dependent. Comparable results between positive on-site qPCR and culture suggested that the on-site detection system is not prone to over-quantification due to the presence of dead bacteria or free DNA.
Additionally, we demonstrated that shipping time-delay had a significant impact on Legionella enumeration in HVAC water samples regardless of methodology. Furthermore, we showed that on-site qPCR was a more reliable and rapid method of Legionella quantification compared to laboratory culture and that increasing the frequency of testing greatly improved response time to elevated levels of Legionella.
